The fabrication of ultrathin-ring electrodes with a diameter of 2 mm and a thickness of 100 nm is established. The ultrathin-ring electrodes provide a large density of pseudo-steady-state currents, and realize pseudo-steady-state amperometry under quiescent conditions without a Faraday cage. Under the limiting current conditions, the current response at the ultrathin-ring electrode can be well explained by the theory of the microband electrode response. Cyclic voltammograms at the ultrathin-ring electrode show sigmoidal characteristics with some hysteresis. Numerical simulation reveals that the hysteresis can be ascribed to the time-dependence of pseudo-steady-state current. The performance of amperometry with the ultrathin-ring electrode has been verified in its application to redox enzyme kinetic measurements.
Introduction
The amperometric sensor is a device that detects the concentration of analytes on the basis of the Faradaic current of the electrode reaction. The current reflects the reaction rate on the electrode surface and is proportional to the concentration of the analyte. At conventional electrodes, the electrode reaction increases the depletion of the analyte around the electrode with time, that is, the concentration polarization. The time-dependent characteristic of the diffusion current at conventional electrodes is inconvenient for amperometric analysis and limits the practical application. Therefore, user-friendly and convenient amperometric sensors require the time-independent characteristics of the amperometric response, that is, the steady-state current.
Several concepts are adopted to achieve steady-state currents. 1 The first one is to control the current by the catalytic reaction rate. This kind of the steady-state current reflects the rate of catalytic reactions, especially of redox enzyme reactions in the presence of excess amounts of enzyme substrates. 2, 3 The second one is to control the mass transfer of the analyte by transport (or permeation) across a membrane on the electrode surface. This approach has been well and successfully realized in the Clark-type oxygen electrode. 4 The third one is convective mass-transfer by using a rotating disc electrode or a thin-layer flow cell.
This well-known technique provides useful information about the electrode reaction as well as amperometry. 5 The forth one is utilization of the microelectrode based on sufficient mass-transfer by non-linear diffusion. [6] [7] [8] [9] A microdisc electrode provides a steady-state limiting current (Is,lim) after a suitable electrolysis period under quiescent conditions, as expressed by the following equation: 6 Is,lim = 4nFDrc0,
where n, F, D, c0, and r are the number of electrons, the Faraday constant, the diffusion coefficient, the concentration in the bulk phase, and the radius of the electrode, respectively. Unfortunately, the signals of microdisc electrodes are quite small (typically less than a few nanoampere) as compared to the noise from the external disturbance. Therefore, measurements with microdisc electrodes require a Faraday cage. One of the ideas to enhance the signal intensity with the microdisc electrode is to construct of an electrode array. However, the usual microelectrode arrays do not give steady-state currents but a diffusion current with time-dependent characteristics, since the diffusion layer at the microdisc electrodes overlap with each other.
10,11
On the other hand, coarsely arranged microdisc electrode arrays are proposed to overcome this problem. [12] [13] [14] However, the fabrication of the coarsely arranged microdisc electrode array is technically difficult and is not suitable for mass production for practical applications. Another idea to obtain a large steady-state signal is to use a microband electrode. 6 The current response of the microband electrode under the limiting current conditions (I(t)lim) is formulated by Szabo et al. 
where τ (≡ Dt/w 2 ), l, and w are the dimensionless time, the length of the microband, and the thickness of the microband, respectively. Although it takes an extremely long time to reach a true steady-state current at a microband electrode, the pseudo-steady-state current increases with an increase in l. 6, 15 The density of the pseudo-steady-state current (I(t)lim/lw [t = 10 s, l = 6.28 mm, w = 0.1 μm, D = 1 × 10 -9 m 2 s -1 , c0 = 1 mmol dm -3 ] = 35 mA cm -2 ) is much larger than a steady-state current density at a typical microdisc electrode (Is,lim/πr 2 [r = 10 μm] = 1.2 mA cm -2 ). This is a great advantage in practical amperometric applications over the microdisc electrode method.
In order to increase l in a rod-type style electrode, thin-ring electrodes can be proposed. 16, 17 In addition, an ultrathin-ring electrode should also be effective for applications, because a decrease in w should decrease the response time. Although ultrathin-ring electrodes will bring out their advantages in the quiescent solution, ultrathin-ring electrodes for an amperometric detector have only been reported in flow systems. 18, 19 Moreover, the reported responses of ultrathin-ring electrodes were less than half the theoretical value and largely depend on polishing of the electrode. 19 The origin of non-ideal characteristics were predicted discontinuities in the metal surface. 19 Therefore, more suitable fabrication of ultrathin-ring electrodes and the characterization remain to be elucidated.
To order to solve and clarify these problems about ultrathinring electrodes, the fabrication of an ultrathin-ring electrode is proposed. Furthermore, the current response is analyzed from a theoretical viewpoint. The proposed amperometric method with the ultrathin-ring electrode is applied to the detection of the concentration change due to a redox enzyme reaction under quiescent conditions.
Experimental

Preparation of the ultrathin-ring electrode
A schematic view of the ultrathin-ring electrode is shown in Fig. 1A . A rod formed by a UV-curable resin (Sunny, UV-3421) with a diameter of 2.0 mm (a) was bound with a copper wire (b). A gold film (c) was prepared at a thickness of 100 nm by sputtering on the side surface of the rod on a desk-top quick coater (SC-704, Sanyu Electron). The sputtering was carried out in twice on each semicylindrical surface of the rod under control of the current and time. The electrode side of the rod was hardened with the UV-curable resin (d). The UV-curable resin was selected on the basis of the adhesion property to gold. The compatibility of materials pinching the gold film was necessary to avoid any cracking at the electrode surface. An epoxy resin (Huntsman, Araldite ® 2020) was cast as the body of the electrode (e). The tip of the electrode was cut with a lathe and ground with running water using emery papers (#1500 and then #4000). A photograph in Fig. 1B shows the tip of a fabricated ultrathin-ring electrode. The performance of the ultrathin-ring electrodes was checked by amperometry and cyclic voltammetry. According to this improved procedure, the yield fabricating of the ultrathin-ring electrodes was over 70% within 1% of the variability in the current response. Note here that polishing of the ultrathin-ring electrode with abrasive particles depresses the performance. The established processes are easy to be carried out, because every step includes no delicate operations and is carried out at room temperature. 
Apparatus
Electrochemical measurements were carried out by using an electrochemical analyzer (BAS50W, BAS). An Ag | AgCl | sat. KCl electrode and a platinum wire were used as a reference electrode and a counter electrode, respectively. Time-causes of the absorbance during an enzyme reaction were recorded on a UV-Vis spectrophotometer (UV2550, Shimadzu). All measurements were carried out at room temperature.
Numerical simulation
The reversible electrode reaction at ultrathin-ring electrodes and diffusion equations of redox species were numerically simulated by using a commercial package of the finite-element method, COMSOL 5.0 (COMSOL).
Results and Discussion
To investigate the pseudo-steady-state current recorded at the ultrathin-ring electrode, potential-step chronoamperometry was carried out. The solid line in Fig. 2 shows an amperogram recorded under the limiting conditions for the oxidation of 1 mmol dm -3 Fc(CH2OH)2 in 100 mmol dm -3 of KCl at an ultrathin-ring electrode.
The current reaches a practical steady-state value at about 10 s. The closed circles in Fig. 2 show the current value calculated on Eq. (2) at w = 100 nm, l = 6.28 mm, and D = 6.8 × 10 -10 m 2 s -1 . Here, the value of D used here for Fc(CH2OH)2 was determined separately by voltammetry on a conventional disc electrode (data not shown). The good agreement between the experimental and the theoretical values indicate that the ultrathin-ring electrode fabricated in the proposed method behaves as a typical microband electrode with a sufficiently large l value.
Although the ultrathin-electrode does not give a true steady-state current within 20 s, as shown in Fig. 2 , we may use a pseudo steady-state current for practical applications in amperometry. Here, the relative change in the current, Δ = (dI(t)lim/dt)/I(t), is introduced to estimate the pseudo-steady state of the current. The broken line in Fig. 2 shows the calculated value of Δ. When Δ is set to 1% as a threshold considering the steady-state current, we can conclude the current reaches a pseudo-steady-state value at 5 s after potential step. This quick response of the ultrathin-ring electrode is due to ultrathin characteristics. The pseudo-steady-state current at t = 5 s of the amperograms in Fig. 2 is about 150 nA. The current is about 50-times larger than that at the conventional microdisc electrode with r = 10 μm (see Eq. (1)).
The current-potential characteristics of the pseudo-steady-state current at the ultrathin-ring electrode were analyzed on the log-plot analysis (Fig. 3) , where the pseudo-steady-state current at 10 s (I(10)) at various potentials was used. In this analysis, the current recorded at 500 mV was defined as the limiting current (I(10)lim). The dotted line in Fig. 3 indicates the guide of the slope for the reversible current response of one-electron oxidation. The experimental data agree well with the guide line. This agreement demonstrates that the reversible and one-electron redox reaction of Fc(CH2OH)2 occurs at the ultrathin-ring electrode. The electrical resistance in the electrode is vanishingly small. The estimated half-wave potential from this analysis is 270 mV, which is in good agreement with the literature value. 20 The cyclic voltammetric characteristics at the ultrathin-ring electrode were also examined. Figure 4 shows voltammograms for the oxidation of Fc(CH2OH)2 at various concentrations. The voltammograms have a sigmoidal shape. The half-wave potential of the voltammograms is independent of the concentration of Fc(CH2OH)2 and agrees with that obtained by the log-plot analysis. The inset shows the concentration dependence of the currents at 500 mV on the voltammograms. The currents are proportional to the concentration of Fc(CH2OH)2 with a sensitivity of 150 nA mmol -1 dm 3 (Fig. 4 , inset) with a detection limit of 10 μmol dm -3 . The sensitivity of the ultrathin-ring electrode is large enough to measure the current without a Faraday cage.
However, the voltammograms in Fig 4 are somewhat different from the ideal sigmoid curve, as judged from the hysteresis characteristics in the forward and reverse scans. Since the hysteresis depends on the concentration of Fc(CH2OH)2, the hysteresis is not caused by the non-faradaic process, but due to the mass-transfer characteristics. Figure 5A shows a numerically simulated cyclic voltammogram at 10 mV s -1 for the reversible reaction at an ultrathin-ring electrode with a diameter of 2 mm and a thickness of 100 nm. The diffusion coefficient, standard redox potential, and concentration for the redox species used here are set as: 6.8 × 10 -10 m 2 s -1
, 0 V, and 1 mmol dm -3 , respectively. The hysteresis between the forward and revers scans is well reproduced in the simulated voltammogram. This reveals that the hysteresis is caused by the mass-transfer around the ultrathin-ring electrode. The solid line in Fig. 5B shows a simulated amperogram stepped to the limiting current conditions. The amperogram agrees with the current calculated on Eq. (2). The dotted line in Fig. 5B demonstrates the unfolded view of the simulated voltammogram. Here, the voltammogram is compared with the amperogram with an assumption that the time-dependence of the diffusion current in the linear potential sweep is close to that of the potential step at a time corresponding to that at which the potential scan passes the standard potential. Under limited conditions, the voltammogram at 10 mV s -1 and the potential step amperogram stepped after 20 s overlap with each other. The overlap indicates that the shape of the voltammogram is caused by the pseudo-steady state characteristics of the ultrathin-ring electrode and that the potential dependence of the pseudo-steady-state current is Nernstian for Fc(CH2OH)2.
Since the current density at the ultrathin-ring electrode is very large compared with that of the conventional microelectrode, the signal/noise ratio should also be very large. However, the charging current of the electrode was quite higher than the expected value. For example, the charging current of curve a in Fig. 4 is about 0.4 nA. According to this charging current, the estimated surface capacitance is about 6000 μF cm -2 . The estimated value is about 60-times larger than the typical double layer capacitance at the gold surface with a corresponding surface area. 21 The quite large surface capacitance will be caused by the roughness of the electrode surface and the partial penetration of the solution into slight gaps between the conductor and the insulator.
Although the ultra-thin ring electrode gives non-ideal steady-state characteristics in the current response, the pseudo-steady-state current can be utilized in amperometry for practical purposes, as judged from the fact that Δ quickly decreases down to 1% within 5 s after a potential step. Here, we applied this method to the detection of the concentration change due to a redox enzyme. PQQ-GDH catalyzes the glucose oxidation by several artificial electron acceptors. We used Fc(CH2OH)2 + as an electron acceptor in this work. The reduction of Fc(CH2OH)2 + by PQQ-GDH-catalyzed glucose oxidation was simultaneously monitored by amperometry and photometry under quiescent conditions. Curves a and b in Fig. 6 show the time course of the normalized value of the Fc(CH2OH)2 + concentration determined from the absorbance at 638 nm and the reduction current at 0 mV, which locates in the limiting region for the reduction of . The slope of the curve indicates to the reaction rate of the enzymatic reduction in the solution. The initial slope corresponds to the initial rate in the enzymatic kinetics. The estimated value of the slopes at t = 90 s were 2.3 and 2.2 μmol dm -3 s -1 for curves a and b, respectively. The good agreement of the slopes supports that the amperometric method with the ultrathin-ring electrode can be applied to the determination of the redox enzyme activity. The electrochemical method can be applied to colored or turbid samples under quiescent conditions without a Faraday cage.
Conclusions
The convenient fabrication method of an ultrathin-ring electrode has been established. The fabricated ultrathin-ring electrode provides a large pseudo-steady-state current with a large current density.
The characteristics realize simple amperometric measurements without stirring and without a Faraday cage. Becase of the ultrathin layer of the electrode, the current reachs a pseudo-steady-state within 5 s. This property make it possible to measure the concentration change monitoring.
The comparison between the amperometric and photometric monitorings of the concentration change by an enzyme reaction supports the good performance of the amperometric method with the ultrathin-ring electrode proposed here. Cyclic voltammetric response with the non-ideal steady-state property has been clearly characterized. The ultrathin-ring electrode will have wide applications including stripping voltammetry without stirring, continuous amperometric monitoring of environmental markers, and quick monitoring of food samples.
